Harvey-Girard E, Maler L. Dendritic SK channels convert NMDA-R-dependent LTD to burst timing-dependent plasticity. J Neurophysiol 110: 2689 -2703 , 2013 . First published September 18, 2013 doi:10.1152/jn.00506.2013.-Feedback and descending projections from higher to lower brain centers play a prominent role in all vertebrate sensory systems. Feedback might be optimized for the specific sensory processing tasks in their target brain centers, but it has been difficult to connect the properties of feedback synapses to sensory tasks. Here, we use the electrosensory system of a gymnotiform fish (Apteronotus leptorhynchus) to address this problem. Cerebellar feedback to pyramidal cells in the first central electrosensory processing region, the electrosensory lateral line lobe (ELL), is critical for canceling spatially and temporally redundant electrosensory input. The ELL contains four electrosensory maps, and we have previously analyzed the synaptic and network bases of the redundancy reduction mechanism in a map (centrolateral segment; CLS) believed to guide electrolocation behavior. In the CLS, only long-term depression was induced by pairing feedback presynaptic and pyramidal cell postsynaptic bursts. In this paper, we turn to an ELL map (lateral segment; LS) known to encode electrocommunication signals. We find remarkable differences in synaptic plasticity of the morphologically identical cerebellar feedback input to the LS. In the LS, pyramidal cell SK channels permit long-term potentiation (LTP) of feedback synapses when pre-and postsynaptic bursts occur at the same time. We hypothesize that LTP in this map is required for enhancing the encoding of weak electrocommunication signals. We conclude that feedback inputs that appear morphologically identical in sensory maps dedicated to different tasks, nevertheless display different synaptic plasticity rules contributing to differential sensory processing in these maps.
action potential burst; communication signal; NMDA receptor; electrosensory system; SK channel; STDP; parallel fibers; cerebellum; sensory processing SENSORY SYSTEMS ACCESS MULTIPLE streams of information that require different types of processing; such processing is presumably carried out by synaptic mechanisms optimized for each type of information. Connecting the cellular/molecular level analysis of synaptic function to the computations performed by sensory networks is, however, very difficult. Often when studying the mammalian nervous system, neuroscientists may have good knowledge about the neuronal circuitry and synaptic properties, but are unable to connect these to sensory or motor function.
For example, the climbing fiber-induced long-term depression (LTD) of parallel fiber (PF) synapses onto Purkinje cells was originally proposed to be the basis of certain forms of sensory-motor learning (Ito 2002 (Ito , 2013 . The cellular/molecular bases of this form of synaptic plasticity have now been well documented (Schonewille et al. 2011) . However, the putative connection between PF to Purkinje cell plasticity and sensorymotor learning still remains controversial (Schonewille et al. 2011; Welsh et al. 2005 ). We have recently been able to identify PF-associated LTD in a cerebellar-like structure (Harvey-Girard et al. 2010) , and successfully linked it to sensory learning (Bol et al. 2011 (Bol et al. , 2013 in a weakly electric fish, Apteronotus leptorhynchus. In this paper, we describe variations in the plasticity rule we previously identified, and propose that they are linked to different forms of sensory learning.
A. leptorhynchus emits a continuous sinusoidal electric organ discharge (EOD; species range: ϳ700 -1,000 Hz) that is detected by specialized cutaneous electroreceptors (P-units, ϳ15,000 total) scattered over the entire body surface (Carr et al. 1982) . The unperturbed EOD drives baseline discharge of P-units (mean ϳ200 spikes/s) (Gussin et al. 2007 ). Objects in the fish's nearby environment modulate the EOD intensity across local patches of skin (the "electric image") (Babineau et al. 2006 (Babineau et al. , 2007 Chen et al. 2005 ) and this in turn modulates the P-unit discharge rate (Gussin et al. 2007 ). Thus, conductors such as prey cause localized increases of EOD amplitude and increase P-unit discharge, while nonconductors (e.g., rocks) have the opposite effect; this is the basis of electrolocation. Other naturalistic events such as tail bending, motion near boundaries, and the interference patterns (beats) of summating EODs can cause global (over the fish's entire body surface) EOD amplitude modulations (AMs) (Fotowat et al. 2013) . These global EOD AMs might be expected to degrade the fish's ability to electrolocate. Bastian was, however, able to show that low-frequency global AMs were actively canceled within the central target of P-units, the electrosensory lateral line lobe (ELL) (Bastian 1995 (Bastian , 1996 .
The ELL is a layered rhombencephalic structure. P-unit projections trifurcate to three topographic maps or segments within the ELL: centromedial (CMS), centrolateral (CLS), and lateral (LS) segments, so that these maps receive identical sensory afferent inputs (Carr et al. 1982; Heiligenberg and Dye 1982) . There are numerous morphological, molecular, and physiological differences that distinguish the three ELL maps (see Table 2 in Ellis et al. 2008; Harvey-Girard et al. 2007 ; Krahe et al. 2008 ; Krahe and Maler in press; Maler 2009b; Mehaffey et al. 2008; Turner et al. 1996) . Most relevant for purposes of this paper, the CMS and CLS appear to be mostly engaged in electrolocation behavior, while the LS is mostly engaged in electrocommunication behavior ).
In each segment, P-units terminate in a deep neuropil layer on the basal dendrites of one class of pyramidal cells (E-cells) as well as on various local inhibitory interneurons (Carr et al. 1982; Maler et al. 1981) . Pyramidal cells also have spiny apical dendrites that receive feedback input from cerebellar granule cells (Maler et al. 1981) . Pyramidal cells can be subdivided in two ways (Maler et al. 1981; Saunders and Bastian 1984) . First, there are E-and I-type pyramidal cells; the E-type cells receive direct P-unit input and respond to increased P-unit input (e.g., prey-related signals) while I-cells receive disynaptic inhibitory input (e.g., rock-related signals). Second, both Eand I-cells come in three flavors: superficial, intermediate, and deep cells. There are numerous morphological, molecular, and physiological differences that distinguish these cell classes (Bastian and Courtright 1991; Bastian and Nguyenkim 2001;  see Table 5 in Maler 2009a; Sas and Maler 1987) . Most relevant for this paper is that superficial pyramidal cells have the most extensive apical dendrites, are the most plastic cell type, and are most capable of canceling global low-frequency AMs; the deep pyramidal cells are not plastic and respond to the global AMs Bastian and Nguyenkim 2001) .
Subsequent work demonstrated that the cancellation signal consists of a "negative image" of the global AM that emanates from cerebellar granule cells and targets the apical dendrites of ELL pyramidal cells Chacron et al. 2011; . Furthermore, the most robust cancellation was shown to occur in the CLS (Krahe et al. 2008 ; Krahe and Maler in press ). Our previous in vitro studies revealed that LTD of the PF input to pyramidal cells of the CLS could be elicited whenever the PF burst discharge was paired with pyramidal cell burst discharge (within Ϯ50 ms); this burstdependent LTD was found in superficial and intermediate variants of both E-and I-cells. We also elucidated some of the molecular bases of this form of synaptic plasticity (HarveyGirard et al. 2010) . We then used modeling to connect our in vitro-derived plasticity rule to the cancellation mechanism observed in vivo. In vivo experiments then confirmed that our model was able to account for the cancellation of global low-frequency AMs by ELL pyramidal cells (Bol et al. 2011) .
The LS, and especially its superficial E-cells, is specialized for the encoding of electrocommunication signal Marsat and Maler 2010; Marsat et al. 2009 ); furthermore, we have identified many cellular/molecular differences between LS and CLS pyramidal cells (Maler 2009b ; and see discussion for details). We therefore asked whether the same plasticity rule for PF to pyramidal cell synapses also held for LS pyramidal cells.
In this paper, we describe variations in the feedback plasticity rule between the CLS and LS ELL maps, and propose that they are linked to different forms of sensory learning.
MATERIALS AND METHODS

ELL Slice Preparation
Animals were kept at 28°C in a tank containing 10 fish or less in a continuous flow system and taken just before tissue preparation. ELL slices were prepared as previously described Maler 1998a, 1998c; Berman et al. 1997; Harvey-Girard et al. 2010) . Briefly, Apteronotus leptorhynchus fish were anesthetized with 0.2% 3-aminobenzoic ethyl ester (MS-222; Sigma) in water. The ELL was removed and sliced in 350-m-thick transverse sections on a vibratome while the ELL was immersed in ice-cold artificial cerebrospinal fluid (ACSF) containing the following (in mM): 124 NaCl, 3 KCl, 0.75 KH 2 PO 4 , 2 CaCl 2 , 1.5 MgSO 4 , 24 NaHCO 3 , 10 D-glucose, and 1 mM kynurenic acid (Sigma-Aldrich). Slices were resting in an interface chamber in oxygenated ACSF at room temperature for 1 h before recording. All protocols were approved by the University of Ottawa Animal Care Committee and follow guidelines established by the Society for Neuroscience.
Stimulation and Recording
Intracellular recordings of pyramidal cells in the ELL LS were made using sharp microelectrodes (50 -150 M⍀) filled with 3 M KAc. Intracellular recordings were amplified and filtered (DC-1 kHz, Axoclamp-2B; Molecular Devices), digitized at 5 kHz (ITC-16; Instrutech), and acquired using Pulse Control (Instrutech) and Igor Pro 3.16 (Wavemetrics) software running on a Macintosh G3 computer (Apple). PFs in the ELL dorsal molecular layer were stimulated through a stimulus isolation unit (100-s pulses, 100 mV; Digitimer) using a gold-coated tungsten microelectrode (0.8 -1.2 MW; FHC) as previously described (Harvey-Girard et al. 2010) . Stimulus artifacts were monitored and their amplitude measured during the entire experiment to ensure stable stimulation of the PFs as done previously (Harvey-Girard et al. 2010) ; recordings were only accepted for subsequent analysis if the amplitude of the artifact had remained constant throughout the experiment. A bipolar electrode was also placed in the electroreceptor (P-unit) afferent fiber bundle (Berman and Maler 1998b) . A train of 10 stimulus pulses (100 s) at 100 Hz was delivered through this electrode at the beginning of each experiment to identify whether recording was from a basilar pyramidal (E-cell) or a non-basilar pyramidal cell (I-cell) as previously described (Berman and Maler 1998b) .
ELL pyramidal cells can, based on their location, extent of their apical dendrites, and in vivo physiology, be classified as superficial, intermediate, or deep cells (Bastian and Courtright 1991) . Superficial pyramidal cells in ELL are more sensitive to feedback inputs and display higher levels of synaptic plasticity compared with intermediate and deep pyramidal cells ). We therefore initially aimed the recording electrode to the superficial third of the pyramidal cell layer in an attempt to record superficial pyramidal cells. Given the overlapping spatial distribution of superficial and intermediate cell types and the variability in pipette approach angle, we certainly sampled intermediate pyramidal cells and/or their proximal apical dendrites as well (see Fig. 5 and the related DISCUSSION), since we have no physiological test to sort them out in vitro. In preliminary experiments, we did attempt to use biocytin and other tracers in the pipette so as to label the impaled neurons. We found, however, that this introduced noise in the high impedance pipette recordings that interfered with accurate assessments of EPSP amplitudes; we were therefore unable to histologically identify the pyramidal cells we recorded from.
During control protocols, PFs were stimulated at 0.25 Hz to avoid the induction of presynaptic potentiation (Lewis and Maler 2004; Oswald et al. 2002) previously observed in the CMS of the ELL (Wang and Maler 1998) . One-hundred presynaptic stimulus pulses were delivered as controls while postsynaptic responses were recorded. Then 110 PF stimulations were delivered in conjunction with current evoked spiking of the pyramidal cell; the number of stimuli and the relative timing of PF and pyramidal cell stimulation was varied as described below. Injection of intracellular current (pulses of 1.1 nA for 1 ms) was used to evoke action potentials in pyramidal cells at varying time intervals with respect to the PF stimulation. Following the pairing protocol, 360 stimulations of the PFs were delivered to assess potential changes in the evoked EPSP.
We quantified the synaptic responses by measuring the peak amplitude from baseline. The baseline was taken as the mean mem-brane potential over a 50-ms window recorded just previous to stimulus onset. We used similar pre-post pairing stimulation protocols as previously tested on pyramidal cells in the CLS of the ELL (Harvey-Girard et al. 2010) . Presynaptic burst stimuli containing four 100-s pulses at 100 Hz were paired with 100-Hz postsynaptic bursts (referred to as 4 -4 protocols). We varied the delay between the PF "pre-burst" and the pyramidal cell "post-burst" from Ϫ100 ms (i.e., post 100 ms before pre) to ϩ100 ms (i.e., post 100 ms after pre) with the delay computed from the starting pulses within each burst, e.g., we defined the time delay (⌬t B ) between pre-and poststimulating trains as the time between the first pulses of each train of stimulations (Harvey-Girard et al. 2010) . As before (Harvey-Girard et al. 2010), we used this stimulation protocol assuming that granule cells in the eminentia granularis posterior pars medialis (see Fig. 1A and Fig. 5A ) were producing bursts as shown in mammalian cerebellar granule cells (Chadderton et al. 2004; D'Angelo et al. 2001; Rancz et al. 2007 ). We also tested another pairing protocol at varying delays where four presynaptic stimulations were coupled to a single postsynaptic stimulation (4 -1). This protocol was used because E-cells in the LS typically only emit isolated spikes in response to mimics of the natural electrolocation signals (see below) (Marsat et al. 2009 ). Throughout control and test stimulations, paired-pulse stimulation to PFs (delay of 20 ms between pulses) was delivered every tenth stimulation to assess possible changes of presynaptic efficacy.
Data analysis was performed in Igor Pro 6. Figures were made in Illustrator CS.
Drug Applications
NMDA receptors (NR1, NR2A, and NR2B subunits) (Berman et al. 2001; Bottai et al. 1997; Harvey-Girard et al. 2007; Harvey-Girard et al. 2010 ) are highly expressed in LS pyramidal cells. We therefore bath applied D-2-amino-5-phosphonovalerate (APV; Tocris) to assess the involvement of N-methyl-D-aspartate receptors (NMDARs) in the induction of synaptic plasticity. In our study on paired burst-induced LTD in the CLS, we used ifenprodil to block the NR2B NMDA receptor subunit and thereby prevented LTD (Harvey-Girard et al. 2010) . A recent paper has shown that this drug can also block some voltage-gated calcium channels (Brittain et al. 2012 switched to APV. This drug has previously been shown to be effective at selectively and completely blocking the NMDA receptor component of the PF-evoked EPSP in pyramidal cells of the CMS and CLS (Berman and Maler 1998b; Harvey-Girard et al. 2007 ). Small-conductance calcium-activated K ϩ channel mRNA (both SK1 and SK2) are highly expressed in LS E-cells; SK1 protein is found in the apical dendrites while SK2 proteins are located in the soma and proximal dendrites of LS E-cells (Ellis et al. 2007 (Ellis et al. , 2008 . We therefore bath applied UCL-1684 (30 M; Tocris), a SK channel antagonist, to test if these channels were modulating NMDA receptor-associated synaptic function, as has been reported for mammalian amygdalar (Faber et al. 2005) , hippocampal (Ngo-Anh et al. 2005) , and cortical (Faber 2010) pyramidal cells. This drug has previously been used successfully to block SK channels of ELL pyramidal cells (Deemyad et al. 2011; Toporikova and Chacron 2009 ).
Statistics
We used two criteria to categorically determine whether we had induced LTP, LTD, or no plasticity in an individual pyramidal cell. First, we categorized post-pairing responses where the EPSP amplitude had changed by Յ5% as non-plastic. This criterion was chosen because we have found that, for some pyramidal cells, membrane potential, input resistance, and evoked EPSP amplitude can all, over a period of 30 min, drift up or down by up to 5% in an otherwise apparently "healthy" impaled neuron (unpublished observations). For cells meeting this minimal criteria, we then performed a Student's t-test between the population of 100 control EPSP peak amplitudes (normalized to 1) and the peak amplitudes of the normalized EPSPs recorded after the protocol pairing (P Ͻ 0.01 was considered as a significant difference). A contingency table (Everitt 1992) was made grouping recorded cells in the three classes (LTP, LTD, or no plasticity), and the Chi-squared test was used to evaluate whether the type of plasticity occurring at different pairing time delays was consistent with the assumption that they came from the same population (see RESULTS).
Histology
A brown-ghost knife fish was perfused intracardially with 4% formaldehyde in 0.1 M PBS, pH 7.2. The brain was removed and further fixed overnight at 4°C in 4% formaldehyde in saline. To avoid excessive shrinkage caused by regular processing, the brain was slowly dehydrated using graded 20%, 40%, 60%, 70%, and 100% ethanol solutions. Then it was submitted to the Milestone Logos histo processor using ethanol and isopropanol and infiltrated by Paraplast plus paraffin.
True transverse (Maler 1979 ) ELL sections of 10 m were cut and collected on Superfrost slides (ThermoFisher Scientific, Pittsburgh, PA). Sections were stained with cresyl violet as previously described (Maler et al. 1991) . All images of the stained sections were scanned at high resolution (ϫ40 objective; NA 0.95) using a Zeiss Mirax Midi microscope. High-resolution regions of interest were selected and cropped in Panoramic Viewer (3DHistech). No further image adjustments were made. The final figures were assembled in Adobe Illustrator CS.
RESULTS
In this study, we recorded E-type pyramidal cells in the LS in current-clamp while stimulating PFs emerging from cerebellar granule cells. We first showed that, depending on the number and temporal overlap of pre-and postsynaptic spiking, burst time-dependent plasticity (BTDP) generates either LTD or LTP in feedback synapses between PFs and LS E-cells. The induction of LTP was unexpected given that similar stimulus protocols induced only LTD in E-cells of the adjacent CLS map (Harvey-Girard et al. 2010) . We then analyzed the possible cellular basis of this difference between these morphologically similar ELL maps. Specifically, we implicated SK channels that were most highly expressed in LS E cells as the main contributor to this difference in synaptic plasticity.
The experimentally induced E-cell spiking was based on the natural firing patterns of these cells (bursts and isolated spikes) (Marsat et al. 2009 ). We do not know the natural firing patterns of the cerebellar granule cells that provide feedback to LS E-cells. Both in vivo and in vitro electrophysiological studies have, however, demonstrated that mammalian cerebellar granule cells discharge in high-frequency bursts in response to low-frequency input (Chadderton et al. 2004; D'Angelo et al. 2001; Rancz et al. 2007; van Beugen et al. 2013 ). We therefore, as in our previous study (Harvey-Girard et al. 2010) , used burst stimulation of the feedback PFs.
Identifying LS Pyramidal Cells Displaying Feedback Synaptic Plasticity
There are two types of pyramidal cells, E-(basilar) and I-(nonbasilar) cells (Maler 1979; Saunders and Bastian 1984) . E-cells have basal dendrites in receipt of electroreceptor (Punit) input, and, in vivo, respond to EOD amplitude increases. Conversely, I-cells receive disynaptic afferent inputs via inhibitory interneurons and are therefore inhibited by EOD amplitude increases (Saunders and Bastian 1984) . Consistent with this classification, stimulating electroreceptor afferents in an ELL slice preparation evokes excitation (summating EPSPs) in labeled E-cells and inhibition (summating IPSPs) in labeled I-cells (Berman and Maler 1998b) . Before performing the BTDP protocol, we therefore identified the pyramidal cell type by applying a stimulation train to the afferent fibers with a dipole electrode as previously described (Fig. 1A , bottom inset) (Berman and Maler 1998b) .
LS E-cells recorded in vivo display a stereotyped response to one kind of electrocommunication signal (small chirp) (Marsat et al. 2009 ). Consistent with this finding, LS E-cells in slice responded in a fairly homogeneous manner to various pre-/ postsynaptic spike pairing protocols (see below for caveats). In contrast, LS I-cells respond to a different electrocommunication signal (big chirps) in a highly heterogenous manner (Marsat and Maler 2010) . Consistent with this result, LS I-cells displayed highly diverse responses to our pairing protocols, including cells that showed LTD and others that showed LTP at both pre-post and post-pre pairings. In some cases, the EPSP peak was not altered by the pairing protocol, while its late phase was substantially potentiated or depressed (data not shown). This is very different from the CLS where the same pairing protocols consistently induced LTD in I-cells (HarveyGirard et al. 2010 ). We are not able, at present, to account for the difference in plasticity across ELL maps or for the in vivo and in vitro heterogeneity of LS I-cells. We also cannot, at present, associate this variability in I-cell plasticity with any known morphological or molecular attributes. Since averaging such results is not sensible, we do not further describe the responses of I-cells to pairing protocols and focus entirely on their effects on E-cells.
In all the pairing protocols described below, we also utilized a paired-pulse protocol (before and after the pairing protocol) to assess possible changes in presynaptic release properties. As previously reported for CLS neurons (Harvey-Girard et al. 2010) , PF synapses onto LS E-pyramidal cells showed prominent paired pulse facilitation (PPF), but, as was the case in CLS (Harvey-Girard et al. 2010) , the amount of PPF never showed any change under any of our pairing protocols. This suggests that both the LTD and LTP described below are expressed postsynaptically. Given that our PPF results (preand postpairing) are nearly identical to those reported previously for CLS, we do not report them for the individual experiments described below.
Characterizing BTDP in LS E-cells
We first tested the same four presynaptic/four postsynaptic spike pairing protocols that had consistently induced LTD in E-cells of the CLS (Harvey-Girard et al. 2010). As previously reported for CLS neurons (Harvey-Girard et al. 2010) , presynaptic burst stimulation of the PFs alone (no postsynaptic spiking) and pairings at Ϯ100-ms intervals (⌬t B ) were regrouped together as they did not induce long-term synaptic plasticity (combined postpairing normalized EPSP peak amplitude: 0.97 Ϯ 0.02). We note that short-term potentiation (but not long-term) has been induced by PF stimulation in the CMS Wang and Maler 1998) albeit by different stimulation protocols; the pairing protocol used here did not result in short-term potentiation.
At intermediate post-burst/pre-burst pairing intervals (⌬t B ϭ Ϫ50, Ϫ25 ms), we observed identical levels of synaptic depression (0.87 Ϯ 0.04, n ϭ 8; 0.87 Ϯ 0.05, n ϭ 7, respectively) that lasted for as long as we could hold the cell, a minimum of 36 min and up to 90 min. Primarily, the AMPAR-mediated peak of the EPSP (Berman et al. 2001 ) was depressed, and the depression only extended out to ϳ50 ms. At first glance, the intermediate pre-burst/post-burst pairings (⌬t B ϭ ϩ25, ϩ50 ms) induced minimal or no depression (0.90 Ϯ 0.05, n ϭ 7; 0.94 Ϯ 0.05, n ϭ 8). However, a different picture emerges when statistical analysis is performed on individual trials at all these pairings; here, we use a t-test to simply compare the prepairing EPSP peak with the mean postpairing peak. For example, at ⌬t B ϭ Ϫ25 ms, there were n ϭ 2 cells that displayed no plasticity at all (1.02 Ϯ 0.04), while significant LTD was induced in n ϭ 5 cells (0.81 Ϯ 0.1). Similarly, for ⌬t B ϭ ϩ25 ms, n ϭ 2 cells displayed no plasticity (1.00 Ϯ 0.04) while a comparable level of depression was induced in n ϭ 4 cells (0.82 Ϯ 0.12). Combining all the Ϯ25-, Ϯ50-ms cells, we found that n ϭ 10 cells showed no long-term changes in synaptic efficacy (1.00 Ϯ 0.01; n ϭ 10), while n ϭ 17 showed significant LTD (0.81 Ϯ 0.02; n ϭ 17). The results for the depressing cells are entirely comparable to those we have previously reported for CLS pyramidal cells where, for the same ⌬t B range, we found LTD of 0.77 Ϯ 0.03, n ϭ 28 cells (Harvey-Girard et al. 2010 ). The major difference, at these pairing intervals, between CLS and LS E-cells is that, while CLS cells show consistent LTD, there appear to be at least two LS E-cell populations. One population is not affected by the pairing protocol while it induces LTD in a second E-cell population.
At the simultaneous prepost pairing (⌬t B ϭ 0), there was no overall significant change in EPSP amplitude (1.08 Ϯ 0.05, n ϭ 7). However, examination of individual cases revealed that whereas some cells did not show any effect of pairing (1.00 Ϯ 0.02, n ϭ 2), the EPSPs of a majority of cells were actually potentiated (1.16 Ϯ 0.09, n ϭ 4); only one cell was significantly depressed (0.89, n ϭ 1). Although the LTP observed was weak, it did last for Ͼ40 min. Since we had never observed LTP in CLS at ⌬t B ϭ 0 pairings, we decided to investigate pairings at a finer temporal resolution: ⌬t B ϭ Ϯ 10-ms pairing intervals. We note that, for these pairings, the pre-and postsynaptic stimuli overlap by 67%; in comparison Ϯ25-ms pairing have an overlap of only 17%.
For ⌬t B ϭ Ϫ10 ms, there was again no overall effect of pairing (1.00 Ϯ 0.08, n ϭ 7). At this pairing interval, this was due to a complete bimodal distribution: cells either significantly potentiated (1.20 Ϯ .08, n ϭ 3) or depressed (0.86 Ϯ 0.12, n ϭ 4). The most surprising result was at ⌬t B ϭ ϩ10 ms where pairing had either no effect (0.96 Ϯ 0.5, n ϭ 4) or caused significant potentiation (1.21 Ϯ 0.04, n ϭ 6). It is important to note that in no case did we induce LTD at this pairing interval and that the potentiation was stable and long lasting (36 min of recording; Fig. 1, D2) . On one occasion, stable recording was maintained for 90 min, and the EPSP remained potentiated for the duration (data not shown). Again, LTP was induced primarily in the AMPAR-mediated peak of the EPSP, and potentiation was only observed up to ϳ50 ms.
The overall pattern is readily discerned in Fig. 1B where the effect of pairing is color coded. Burst pairing intervals that have no or minimal overlap (Յ17%) only induce LTD, and it is similar in extent to that previously reported in CLS (HarveyGirard et al. 2010) . In contrast, burst pairings that overlap extensively (Ն67%) can preferentially induce LTP. We observed significant LTP in a total of 13 cells at these pairings, whereas we had never observed it in CLS (Harvey-Girard et al. 2010) . Both the induction of LTP and the bimodal nature of the plasticity were unexpected.
There are several possible interpretations of these results. At one extreme, it is possible that there are three populations of cells. One population is not plastic, i.e., neither LTP nor LTD can be induced at any pairing interval. A second population would be capable of only LTD, while a third population would be capable of LTP; there would be different pairing time windows for LTD vs. LTP. An alternative simpler interpretation is that there are two populations of LS E-cells. One population is not capable of burst pairing-induced long-term synaptic plasticity at any pairing interval, while the other is capable of both LTD and LTP. In this interpretation, LTD would be favored at pairing intervals where there was minimal overlap of pre-and postsynaptic spikes (ՆϮ25 ms). In contrast, LTP would be confined to pairings with a great deal of overlap of pre-and postsynaptic spikes (ՅϮ10 ms). Deciding between these alternatives requires using two pairing protocols on the same cell, and it is difficult to achieve stable recordings over such long times. We did manage such recordings in three cases. In two cases, significant LTP was observed at a pairing interval of ⌬t B ϭ ϩ10 ms and significant LTD observed at a pairing interval of ⌬t B ϭ Ϫ25 ms. Therefore, at least these cells were capable of both LTP and LTD induction. For one cell, we found no plasticity at either of these pairing intervals. It appeared to be a non-plastic cell. Although the sample size is small, these results clearly support our second interpretation.
Summarizing the results of this section, we hypothesize that: 1) There are two populations of LS E-cells: one population is not plastic for the burst-pairing protocol, while burst pairing can induce either LTP or LTD in the second population. 2) In the "plastic" population, nonoverlapping pre-and postsynaptic spiking induces mostly LTD while overlapping burst stimulation induces mostly LTP. 3) Last, there appears to be a very sensitive dependence on temporal sequencing. Simultaneous pairings of pre-and postsynaptic bursts or a slight precedence (10 ms) of the presynaptic burst, both strongly favor LTP; when the postsynaptic burst precedes the presynaptic burst by only 10 ms, LTP and LTD are equally likely. We therefore refer to this form of plasticity as BTDP.
Plasticity Associated With Pairing Presynaptic Bursts and Isolated Postsynaptic Spikes
E-cells of the LS show the local/global switch from low-to high-frequency tuning (Krahe et al. 2008; albeit less strongly than CLS cells (Krahe et al. 2008 and see DISCUSSION) . E-cells of the LS emit spontaneous bursts (no sensory input) at the same rate as those in CLS (Krahe et al. 2008 ). The situation is, however, very different with respect to stimulus-evoked bursts. CLS E-cells burst strongly in response to low-frequency signals, whereas LS E-cells respond mainly with isolated spikes (Marsat et al. 2009 ). This difference appears to be due to intrinsic cellular differences between these morphologically identical cell types (Mehaffey et al. 2008 ). This discrepancy sets up an apparent paradox: How can LS E-cells cancel global low-frequency input when their predominant response to low-frequency input is isolated spikes and not bursts? We therefore next tested the effect of the presumed more common in vivo pairing for LS E-cells: presynaptic bursts paired with isolated postsynaptic spikes.
We applied the presynaptic burst/postsynaptic spike protocol (4 -1) at different pre-post time delays: Ϫ25 ms, Ϫ10 ms, 0 ms, ϩ10 ms, and ϩ25 ms, where the ⌬t s is defined as the time between the first spike in the presynaptic train stimulation and the postsynaptic depolarization. We used this definition to be consistent with our previous definition of burst pairing. We grouped these data together (n ϭ 20, 4 values for each time delay) because they all showed similar results. Figure 2 , A1, displays example traces obtained with one E-cell using this 4 -1 pairing protocol, and Fig. 2, A2 , exhibits the average of the cells recorded at all ⌬t s . Strong short-term depression was observed with this protocol; normalized EPSP amplitude average of the first five EPSPs after pairing was reduced to 0.625 Ϯ 0.076. Such strong short-term depression was not seen with any other pairing protocol (see Fig. 1, C2 and D2) , and this is especially notable when comparing to the effect of the 4 -0 pairing (Fig. 2, B2) where such strong short-term depression was not seen. The short-term depression is statistically significant (P Ͻ 0.01) and decays to a plateau value of 0.91 Ϯ 0.05 in 2-3 min. We first note that all cells we recorded showed this LTD; e.g., we did not observe LTP, and, in almost all cases, we observed LTD (no plasticity only rarely occurred and not in association with any specific pairing interval). Therefore, it appears that most LS E-cells (intermediate and superficial) are capable of weak LTD under the 4 -1 pairing protocol. We hypothesize that this small but significant LTD contributes to the cancellation of global low-frequency signals in LS superficial and intermediate E-cells. There appeared to be weak depression with only presynaptic stimulation, but this was very variable and not significant (note that many poststimulation EPSPs are Ͼ1 in Fig. 2, B2) . We cannot completely rule out the possibility that part of LTD in LS E-cells is entirely presynaptic (pairing with postsynaptic spikes not required), but, even if present, this would be a minor contribution to the overall LTD seen with paired 4 -4 stimulation.
We are unable, at present, to explain the differences between the 4 -4 and 4 -1 protocols, and, since the main focus of this research was the unexpected 4 -4-induced LTP, we did not further explore the possible cellular/molecular bases for this difference.
Characterizing the Cellular Basis of the BTDP Rule of LS E-Cells
Role of NMDA receptors in BTDP. NMDARs are highly expressed in ELL , and, in particular, in superficial pyramidal cell apical dendrites, including LS E-cells (Berman et al. 2001) . In CLS, NMDARs are involved in an anti-Hebbian synaptic depression that causes cancellation of redundant predictable signals (Bol et al. 2011; Harvey-Girard et al. 2010) . We aimed to verify whether NMDARs were involved in the different forms of synaptic plasticity seen between PFs and LS E-cells by applying the NMDAR antagonist APV. In CMS and CLS, bath application of APV and other NMDAR antagonists caused a major reduction of the EPSP (both peak and late phase) induced by PF stimulation of pyramidal cells (Berman et al. 2001; Harvey-Girard et al. 2007 ). We first carefully evaluated the effect of APV on the PF-evoked LS E-cell EPSP. Very unexpectedly, APV did not induce any significant change of the evoked EPSP. Figure 3A displays the normalized EPSP average traces after PF stimulations before and 20 min after APV application. We observed no significant changes in the EPSP peak and late phase of all the recorded cells (n ϭ 12). This result appears to be entirely contradictory to the evidence cited above for NMDAR expression at PF synapses of LS pyramidal cells. The apparent lack of a NMDAR component of the PF-evoked EPSP reinforces the idea suggested above that it is the AMPAR-mediated peak of the EPSP that mainly, or perhaps even only, undergoes LTD or LTP.
Despite the apparent absence of NMDAR-mediated synaptic transmission from PFs to LS E-cells, we found that the LTD induced at ⌬t B ϭ Ϫ25 ms was effectively blocked after 20 min of APV application. EPSP averages before and after burst pairing are displayed in Fig. 3, B1 . This representative recording did not display synaptic plasticity. Figure 3 , B2, shows that normalized EPSP amplitude didn't vary throughout the experiment: it was 1.014 Ϯ 0.027 after pairing (n ϭ 6). These results suggest that even if there is no apparent EPSP alteration due to APV application, blocking NMDAR transmission prevents the induction of LTD at the PF-LS E-cell synapse.
In a similar manner, we tested if APV application can block the induction of LTP at these synapses at ⌬t B ϭ ϩ10 ms. B: BTDP-induced depression is blocked by APV at ⌬t B ϭ Ϫ25 ms. B1: gray trace displays the control EPSP before the burst-pairing stimulation while the black trace displays the EPSP after pairing. B2: normalized EPSP peak average recorded at Ϫ25 ms showing a complete block of depression. C: BTDP-induced potentiation is blocked by APV at ⌬t B ϭ ϩ10 ms. C1: gray trace displays the control EPSP before the burstpairing stimulation while the black trace displays the EPSP after pairing. C2: normalized EPSP peak average recorded at ϩ10 ms showing a complete block of potentiation. amplitude average after the burst pairing was 0.99 Ϯ 0.02 of the prepairing controls ( Fig. 3, C2 ; n ϭ 6). These results, together with the lack of any change in the paired pulse ratio, suggest that the LTP at ⌬t B ϭ ϩ10 ms seen in PF-LS E-cell synapses is dependent on postsynaptic NMDARs.
We conclude that the observed BTDP at PF-E-cell synapses in the LS are dependent on NMDA receptors. We can also conclude that, if unpaired PF burst stimulation can induce weak LTD (see Fig. 2, B2) , it likely does so via activation of postsynaptic NMDA receptors.
Modulation of LTP by SK channels. Two variants of SK channels are highly expressed in LS E-cells (Ellis et al. 2008 ): SK2 is located at the soma while SK1 is expressed in their apical dendrites. Immunohistochemical studies have revealed that NMDARs (Berman et al. 2001 ) and SK1 channels (Ellis et al. 2008 ) are both expressed on the spines of apical dendrites of LS E-cells. In the mammalian brain, similar coexpression occurs in amygdala (Faber et al. 2005) , hippocampal (Ngo-Anh et al. 2005) , and cortical neurons (Faber 2010) , where SK channels appear to limit the amplitude and duration of NMDARmediated synaptic currents and thereby modulate long-term synaptic plasticity. We therefore used bath application of a potent and specific SK channel antagonist, UCL-1684, to explore the relationship between SK and NMDAR channels selectively colocalized at E-cell spines. We limited these experiments to ⌬t B ϭ ϩ10 ms, since this is the only pairing interval that results only in LTP. Figure 4 , A1, displays the normalized EPSP averages of 14 LS E-cells induced by PF stimulation without drug and 20 min after UCL-1684 bath application. The peak remained unchanged, but the late phase is greatly increased by UCL-1684 application. To measure the effect of UCL-1684 on EPSP, the EPSPs of each cell were normalized according to the amplitudes of the control EPSP peak. The area under the curve was then determined from 20 to 100 ms after the peak of the EPSP because the NMDAR component of the EPSP occurs mainly in that time range at distal synapses activated by PFs in ELL pyramidal cells (Berman et al. 2001; Berman and Maler 1998a) . The average value of the normalized area between 20 and 100 ms for the controls was 0.052 Ϯ 0.037, and it increased significantly to 0.121 Ϯ 0.079 for the UCL-1684-treated EPSPs, an increase of 2.3-fold (Fig. 4, A2 , P Ͻ
0.001, Student's t-test).
We then asked whether the enhancement of the late phase of the PF-evoked EPSP was due to NMDAR activation. We first recorded the EPSP of LS E-cells evoked by PF stimulation Note that there are differences in the shape of the early phase of the EPSP in A1 vs. B both before and after UCL application. This range of EPSP shapes has been previously described and may be due to the level of cell depolarization (see Berman et al. 2001 and Maler 1998a) . A1: normalized EPSP averages of 14 recorded LS E-cells before (gray trace) and after 20-min bath application of UCL-1684 (black curve). A2: summary showing the changes induced by UCL-1684 on the EPSP area between 20 ms and 250 ms. B: the effect of UCL-1684 is canceled by further APV application. The gray trace displays the control EPSP of a LS E-cell, the black trace shows the EPSP after 20-min bath application of UCL-1684, and the dashed trace shows the EPSP after subsequent 20-min bath application of APV. C: at ⌬t B ϭ ϩ10 ms, UCL-1684 reverses the BTDP-induced potentiation to a depression. C1: gray trace displays a control EPSP before the burst-pairing stimulation while the black trace displays the EPSP after pairing. C2: normalized EPSP peak average recorded at ϩ10 ms showing a complete reversal from synaptic potentiation to depression.
( Fig. 4B ; n ϭ 2; only a small n was achieved for this experiment because of the difficulty of keeping stable recordings through the sequential application of 2 antagonists). The membrane voltage and the series resistance were monitored between each trial to make sure that V m remained constant to control for the voltage-dependent activation of NMDARs (Berman et al. 2001) and to make sure that EPSPs would remain comparable at all times. UCL-1684 was then bath applied for 20 min while recording EPSPs (Fig. 4B) . As before, the EPSP increased significantly. Finally, APV was also applied for 20 min, and EPSP was recorded (Fig. 4B) . The application of APV greatly reduced the EPSP and canceled the effect of UCL-1684. We therefore hypothesize that, as is the case for mammalian neurons coexpressing NMDARs and SK channels (see citations above), the SK channels on LS E-cell spines act as a negative feedback on NMDAR-mediated currents. Finally, we tested the effect of UCL-1684 on the burst pairing potentiation seen previously at ⌬t B ϭ ϩ10 ms (Fig. 4,  C1 and C2) . Remarkably, UCL-1684 completely reversed the expected potentiation and instead induced strong LTD in all cases (n ϭ 6, P Ͻ 0.001). Figure 4 , C1, displays the control EPSP average before burst pairing at ⌬t B ϭ ϩ10 ms and after pairing. The burst pairing performed at ⌬t B ϭ ϩ10 ms significantly reduced both peak and late EPSP up to 150 ms. This depression was stable during the entire experiment (Fig. 4, C2) . The average normalized EPSP peak induced by PF stimulation after burst pairing at ⌬t B ϭ ϩ10 ms was 0.71 Ϯ 0.10 of the control EPSP (n ϭ 6), which was the strongest depression that we observed under any stimulus pairing protocol. This experiment reveals that the NMDAR-dependent LTP can be reversed by UCL-1684 and converted to LTD. If the effect of this drug is entirely specific to SK channels (as expected from the mammalian literature), then this implies that increased NMDAR activation leads to LTD.
DISCUSSION
We have shown that the long-term synaptic plasticity of PF synapses onto E-and I-pyramidal cells is present in the LS, but, to our surprise, obeys very different and more complex rules than it does in CLS. In CLS pairing pre-and postsynaptic bursts (4 pre/4 post spikes, within ϽϮ50 ms) induces LTD, a reduction of the early peak of the evoked EPSP, in both E-and I-cells (Harvey-Girard et al. 2010) . In contrast, for LS we found that such pairing could induce either LTD or LTP in I-cells and that either the early (AMPAR) or late (NMDAR) phase of the EPSP could be affected. We were not able to determine any morphological correlate of this variability, but we suspect that it may relate to the variable response of I-cells to a particular electrocommunication signal (big chirps) (Marsat and Maler 2010) .
The situation was also complicated for LS E-cells: there appear to be two populations. One population is not susceptible to plasticity (4/4 protocol) while the other can, depending on the temporal pairing, be either depressed or potentiated. We were especially surprised that we could elicit LTP, since it was never observed in CLS. Curiously, it appears that most or all E-cells can be depressed by what is likely the more natural 4 pre/1 post-pairing. Below, we first note some of the apparent contradictions between the results we have obtained. We then summarize the cellular and circuit differences between CLS and LS and indicate possible reasons for why plasticity in LS pyramidal cells might be so complicated. Although we have not been able to resolve the contradictory results, we are able to suggest in vivo experiments that might indicate the reason for the complexity of LS E-cell plasticity compared with that of morphologically identical cells in CLS.
We have shown that APV can block both LTP (ϩ10-ms pairing) and LTD (Ϫ25-ms pairing) at PF to E-cell synapses. Furthermore, increasing NMDAR activation by blockade of SK channels converts LTP to strong LTD (ϩ10-ms pairing). The simplest conclusion is that strong NMDAR activation at PF to E-cell synapses leads to LTD while weaker activation leads to LTP. This is the precise opposite of the case for hippocampal pyramidal cells where intense activation of NMDARs leads to LTP while weak activation leads to LTD (Dan and Poo 2006; Nicoll and Schmitz 2005) . This simple conclusion is, however, apparently not consistent with two other observations. First, pairing presynaptic bursts with single postsynaptic spikes (4/1 protocol) should produce weaker NMDAR activation since the E-cell's apical dendrite will not be as depolarized with only one spike compared with four. The 4/1 pairing should, based on the reasoning above, induce LTP but instead it induces LTD. Second, overlapping pre-and postsynaptic bursts should be most effective at depolarizing the E-cell apical dendrite and therefore inducing the strongest activation of NMDARs and therefore LTD. However, LTP was only induced when there was maximal overlap of pre-and postsynaptic bursts. We suspect that these apparent contradictions arise partly because of the activity of a prominent molecular layer interneuron of the ELL, the vml cell (see below).
Below we first describe the striking cellular and circuit differences between CLS and LS and attempt to connect these to the differences in synaptic plasticity across these maps.
Cellular, Circuit, and Functional Differences Between CLS and LS
One prominent difference between CLS and LS is the far greater levels of expression of SK1 and SK2 channels in LS pyramidal cells (Ellis et al. 2007 (Ellis et al. , 2008 . SK2 channels are only expressed by LS E-cells and are located on their somata. SK1 channels appear to be expressed by both E-and I-cells and are located on the shafts and spines of their apical dendrites. The SK1 channels associated with E-cell apical dendrites reduce the activation of NMDARs, and this reduction may at least permit LTP of PF to E-cell synapses (as per the UCL experiments described above). Therefore, we hypothetically attribute the lack of LTP at CLS PF to E-or I-cell synapses to the far lower levels of expression of SK1 in CLS pyramidal cells. However, our immunohistochemical study of the distribution of SK1 and SK2 did not reveal any difference between the various classes of E pyramidal cells (Ellis et al. 2007 (Ellis et al. , 2008 . It therefore appears as if SK1/SK2 cannot account for the presence of plastic and non-plastic E-cells in LS.
We next turn to morphological and other differences between CLS and LS. Figure 5 illustrates a typical section through the ELL in its true transverse plane (Maler 1979) . As illustrated in Fig. 5 , B and C, the pyramidal cell layer (PCL) of LS is about twice as thick as that in CLS; across the entire maps, we found that the LS PCL ranged from ϳ100 -120 m while, in CLS, its thickness ranged from ϳ50 -60 m. The greater depth of LS PCL is associated with extensive molecular and circuitry pyramidal cell differentiation not seen in CLS and summarized below.
ELL pyramidal cells abundantly express the NR1 subunit (Berman et al. 2001; Bottai et al. 1997 Bottai et al. , 1998 ) of the NMDAR as well as the NR2A and NR2B subunits ). The expression levels (mRNA) of the NR1 and NR2A subunits are nearly identical in CLS and LS pyramidal cells. In contrast, the NR2B subunit is far more highly expressed in LS cells and it is expressed very strongly in the most superficial LS pyramidal cells with minimal expression in cells within the deeper parts of the PCL (Deng et al. 2005; Harvey-Girard et al. 2007 ). The NR2B subunit is responsible for paired burstdependent LTD in CLS , 2010 . We hypothesize that the strong expression of the NR2B subunit in LS superficial E-cells predisposes them to strong LTD, but that this is counterbalanced by the strong expression of SK1 channels in their dendritic spines.
The most absolute and relevant known molecular differences between the CLS and LS maps lies in the distribution of two regulatory proteins: fyn tyrosine kinase (fyn) and RasGRF-1 (Harvey-Girard et al. 2007) . Fyn is expressed only in the most superficial pyramidal cells of LS. RasGRF-1 is expressed in the most superficial pyramidal cells of LS but not those of CLS. RasGRF-1 is, however, also seen in a deeper population of neurons of both LS and CLS; based on their location and soma shape, we identify the deeper neurons as polymorphic cells (Maler 1979) . Fyn regulates NMDAR function (Nakazawa et al. 2001; Sala and Sheng 1999; Salter and Kalia 2004; Tezuka et al. 1999) and is suspected to be important for inducing hippocampal LTP (Grant et al. 1992) . RasGRF-1 directly interacts with the NR2B subunit, links it to signal transduction pathways (Fernandez-Medarde and Santos 2011; Krapivinsky et al. 2003) , and may promote LTP (Fernandez-Medarde and Santos 2011). The kinetics of these regulatory proteins suggest that they might operate on the time scales we used to induce synaptic plasticity. We therefore hypothesize that key to the major difference between CLS and LS, namely the ability to induce LTP as well as LTD in LS but only LTD in CLS, is due to the selective expression of fyn and RasGRF-1 in LS superficial pyramidal cells.
There are also important differences in CLS vs. LS circuitry. The ELL molecular layer contains two classes of GABAergic interneurons: stellate and vml cells (Maler 1979; Maler and Mugnaini 1994; Maler et al. 1981) ; vml cells are predominantly located in the LS (Maler 1979) . Stellate cells terminate on the distal dendrites of pyramidal cells while vml cells terminate on the proximal apical dendrite and somata of pyramidal cells. Maler (1979) estimated that the vml cell axon penetrated ϳ40 m into the PCL. The greater depth of the LS PCL implies that vml cells might strongly regulate most E-(and I-) cells in the CLS, but only the more superficial third of the LS E-cells. Vml cells evoke GABA-A receptor-mediated IPSPs that reduce the late NMDAR-dependent phase of the PF-evoked disynaptic IPSP (Berman and Maler 1998a) . Vml cells also strongly express both NR1 and NR2 subunits . It is therefore possible that stimulation of PFs will result in potentiation (or depression) of their synapses on vml cells; potentiation of PF to vml synapses would result in stronger vml inhibition of pyramidal cells. The vml cell termination upon the proximal apical dendrite of pyramidal cells permits it to control the back propagation of spikes to the apical dendrites (Mehaffey et al. 2005 ) and therefore potentially the amount of dendritic depolarization during E-cell spiking. Finally, vml cells express the apteronotid homolog of the cannabinoid receptor (AptCB1R) (HarveyGirard et al. 2013) . If AptCB1R acts in a manner typical of mammalian CB1R (Elphick and Egertova 2001; Heifets and Castillo 2009; Kano et al. 2009 ), then we would expect that activity-dependent release of endocannabinoids from pyramidal cells would cause short-or long-term depression of vml inhibition of LS superficial E-(or I-) cells (Harvey-Girard et al. 2013) . Inceased or decreased vml inhibition of E-cells would respectively diminish or enhance spike back-propagation and therefore PF synaptic plasticity. Changes in vml inhibition might occur at PF to vml dendrite synapses (possibly NMDARdependent) or at vml cell to pyramidal cell synapses (possibly AptCB1R-dependent). At present, we cannot sort out these possibilities. We do, however, suspect that vml inhibition is likely responsible for at least some of the apparently contradictory results described above. For example, overlapping pre-and postsynaptic bursts might cause maximal reduction of the backpropagating spikes in apical dendrite of superficial E-cells because of vml cell inhibition of the soma and proximal apical dendrite of superficial E-cells. This back-propagating spike reduction would, in this scenario, and then decrease the NMDAR component of the PF-evoked EPSP. The lesser activation of NMDARs would then be the proximate cause of LTP, perhaps via fyn or RasGRF-1 activation. This effect might be strongest when the PF burst preceded the postsynaptic burst (ϩ10-ms case) because inhibition of the proximal apical dendrite would precede the first backpropagating spike; we hypothesize that this is why only LTP is induced for this pairing. For technical reasons, we cannot test these complicated hypotheses, although it is possible to test their in vivo implications (see below).
Based on the analyses presented above, we hypothesize that the most superficial LS E-cells are the most plastic and the population in which we could induce paired burst LTP and LTD. This plasticity is due to the strong expression, in these neurons, of the SK1 channel, the NR2B subunit, and the unique expression of fyn and RasGRF-1. This plasticity is also regulated by modulation of the back-propagating spike. This depends on the intensity of vml cell inhibition at this dendritic region. The effect of paired pre-and postsynaptic bursts is likely modulated by the modifiable strength of vml inhibition of the E-cell's proximal apical dendrite.
Finally, we note a critical functional distinction specifically between superficial E-cells of the LS vs. both the deeper pyramidal cells of this map as well as the superficial E-cells of the CLS. Marsat et al. (2009) have shown that only superficial E-cells of the LS respond selectively to small chirps; furthermore, they have shown that they respond to chirps with spike bursts while emitting only isolated spikes in response to other types of electrosensory signals. Below, we attempt to connect this functional distinction to the induction of LTP specifically at PF feedback synapses onto the apical dendrites of superficial LS E-cells.
Role of BTDP-Induced LTP In Vivo, A Hypothesis
Below we use the ideas presented above to speculate on the role of BTDP, and provide precise predictions for in vivo experimental tests of these ideas. First, we note that, unlike CLS or CMS E-cells, LS E-cells rarely burst in response to the low-frequency sinusoidal AMs caused by tail bending or interaction with same-sex conspecifics (Marsat et al. 2009 ), likely because their somatic expression of SK1 channels prevents bursting (Ellis et al. 2007 ). Yet, superficial E-cells still cancel these AMs (Marsat et al. 2009 ). We hypothesize that the weak LTD caused by the 4 pre-1 postpairing protocol is sufficient for cancellation of these AMs by the same mechanism as described by Bol and colleagues (Bol et al. 2011 (Bol et al. , 2012 (Bol et al. , 2013 Mejias et al. 2012) . We further hypothesize that the LTD can be weak in this case because LS E-cells are intrinsically tuned to higher frequencies (Mehaffey et al. 2008 ) and may not need much active cancellation via the PF feedback pathway. We predict that the Bol et al. model, suitably modified with the 4/1 LTD values and with a low pass filter (as per Mehaffey et al. 2008) in the model E-cell, will fully account for the in vivo cancellation seen in LS superficial E-cells.
Our most important hypothesis is that the role of burst timing-dependent LTP of PF to LS E-cell synapses is to enhance the detection of small chirps by superficial E-cells (see Fig. 6 for a detailed graphic summary of this hypothesis). Small chirps are most commonly evoked by the low-frequency AMs arising during the interaction of male fish (Walz et al. 2013; Zakon et al. 2002; Zupanc and Maler 1993) . When a chirp occurs anywhere within the trough of the beat, it causes a phase reset and transient increase in EOD amplitude (Benda et al. 2005; Zupanc and Maler 1993) . This rapid but brief increase in EOD amplitude evokes an increase in P-unit discharge and synchrony (Benda et al. 2005 ) that, at any phase with the beat trough, drives burst discharge in LS superficial E-cells (Marsat et al. 2009 ). The feedback cancellation signal to these cells is in counterphase to the AM; thus, it is depolarizing in this case since it must cancel the reduced electrosensory input that occurs during the AM trough. showed that the depolarizing cancellation signal was essential for driving burst discharge. The P-unit synchronous discharge was, by itself, only able to elicit a single E-cell spike because the SK2-mediated afterhyperpolarization (AHP) prevented burst discharge (Ellis et al. 2007; Marsat et al. 2009; ). The feedback-mediated depolarization of the apical dendrites increased the strength of the backpropagating spike initiated by this first chirp-evoked spike. The subsequent return current to the E-cell soma (causing the DAP) elicited further spikes creating the burst response. We now make the hypothesis that PF input LTP increases the DAP, which would become sufficient to overcome the AHP, and consequently increase the burst response to a chirp.
We also propose that, once the burst response is elicited, the feedback-mediated depolarization of the apical dendrite permits potentiation (LTP) of the AMPA receptor component of the PF afferents active during cancellation of the trough of the AM, and overlapping the occurrence of the chirp-evoked burst. This is a positive feedback mechanism that further enhances the burst response to the chirp. It should be noted that only the AMPAR component of the EPSP should be potentiated in this scenario, since an enhancement of the NMDAR component would induce LTD as per the UCL-1684 experiments; this is consistent with our data since it appears that only the early peak of the evoked EPSP undergoes LTD or LTP (see RESULTS). PF afferent synapses active after the chirp or far in advance of the chirp are depressed (LTD) thus serving to accentuate the enhancement of only the burst response to the chirp itself. Finally, we hypothesize that the conjunction of PF spike bursts (for the negative image) and chirp-evoked bursts induces LTP of PFs with the correct frequency and phase tuning by utilizing the fyn and RasGRF-1 uniquely expressed by LS superficial pyramidal cells. We also hypothesize that SK1 channels associated with apical dendrite spines can modulate PF plasticity. As well, we propose that the back-propagating spike and DAP can be modulated by vml cell-mediated inhibition.
These hypotheses make two testable predictions. The first prediction is that the chirp-evoked burst response of LS superficial E-cells will increase with repeated chirp presentations. In this experiment, weak stimuli would be presented, that is, AMs with superimposed chirps (see Marsat et al. 2009 ) that evoke spike bursts on Ͻ50% of presentations. We hypothesize that these bursts will induce LTP of the PF feedback afferents discharging just before the burst. The enhanced PF-evoked EPSPs will increase apical dendrite depolarization and therefore bursting. Thus we predict that, over time, the incidence of chirps evoking bursts will increase to Ͼ50%. Basically, this experiment will test whether LTP of the PF feedback pathway onto LS superficial E-cells is designed to enhance the detection of chirps emitted by distant conspecifics.
Our second prediction is that application of an SK blocker (UCL-1684) to the apical dendrites of LS pyramidal cells will block chirp-evoked bursts in LS superficial E-cells. It would be important to confine the injection to the LS molecular layer and thus avoid blocking the E-cell somatic SK2 channels, since this would cause strong bursting and confound the experiment. In this case, the stimulus strength would first be adjusted so that chirps evoked bursts on Ͼ50% of trials. Application of UCL-1684 would, as in our UCL-1684 experiments, induce LTD of the PFs active just preceding each chirp-evoked burst. This would, in turn, decrease dendritic depolarization and therefore bursting. Thus we predict that UCL-1684 application will, over time, reduce the percentage of bursts evoked by chirps to Ͻ50% of trials. As a corollary to our main hypothesis, we also predict that these effects will not be elicited in the intermediate E-cells of LS or any E-cells of CLS (not responsive to chirps and do not contain either Fyn or RasGRF-1). Krahe et al. (2008) has proposed that the CLS was the sole original ELL map and served to encode both electrosensory signals related to navigation, prey capture, and communication. The CMS then evolved to specifically mediate higher spatial resolution encoding of electrolocation signals, while the LS evolved for encoding electrocommunication signals with lowspatial resolution but better temporal resolution. With this in mind, and our hypothesis as to the role of BTDP, we summa- The conspecific fish emits a small chirp within the trough of the beat causing a transient (high-frequency) increase in EOD amplitude. The AM drives cutaneous P-units (small blue circle) so that their spike rate (blue vertical lines) increases at the peak of the AM and decreases at its trough. The small chirp evokes a synchronous increase in firing rate of the P-units above that caused by the AM peak. The P-units make excitatory synaptic contacts onto the basal dendrite of a superficial E-cell (red) of the LS. However, the strong input at the peak of the AM fails to drive these E-cells (spikes represented by red vertical lines). Spikes driven by an AM peak confined to the receptive field (RF) of the E-cell induce an afterhyperpolarization potential (AHP) mediated by SK2 channels (labeled RF and to the left of the schematic E-cell). Top: PFs emanating from cerebellar granule cells in the EGp are tuned to specific AM frequencies and phases (Bol et al. 2011 ); we illustrate a hypothetical PF spiking (green vertical lines) in phase with the peak of the AM; other PFs would be spiking at all possible phases of the AM but are not illustrated. The resulting summating PF-evoked EPSPs plus disynaptically evoked IPSPs summate to produce a membrane potential that is the inverse of the stimulus AM (thin green line) (Bol et al. 2011; . This is the hypothesized cancellation signal or "negative image" to the apical dendrites of the superficial E-cells. This feedback negative image is hypothesized to attenuate the response of these cells to the global low-frequency AM ). The strong synchronized P-unit response to a chirp evokes a spike in the E-cell (labeled C and to the right of the schematic E-cell). When the chirp has occurred at the trough of the AM, the PF-evoked negative image input to the apical dendrite is depolarizing (thicker green line). The chirp-evoked spike can therefore better propagate up the apical dendrite of the E-cell (BP, back-propagating spike) as indicated by the red gradient in the E-cell apical dendrite. This in turns causes an increase in the E-cell depolarizing after potential (DAP; green) that can overcome the AHP and evoke burst spikes (Marsat et al. 2009 ). B: We illustrate the hypothesized effect of LTP of PF-evoked EPSPs (thick green line illustrates the potentiation) mediated by fyn and RasGRF-1. The potentiated EPSP causes an increase in spatial extent of the BP (stronger red gradient in the E-cell apical dendrite), and this in turn results in a stronger DAP (thick vs. thin green line). This enhanced DAP will, we hypothesize, be far larger than the SK2-mediated AHP and therefore result in a stronger chirp-evoked burst. Note that, for simplicity, we do not illustrate the vml cell circuitry and its possible contribution to the temporal precision of LTP induction via vml cell synaptic plasticity mediated by its expression of the NR2B subunit and AptCB1R.
rize some of the specializations that appear to have evolved and that may therefore relate to the hypothesis by Krahe and colleagues; we only mention specializations related to E-cells:
1) The RF size of LS E-cells has increased to permit sampling of a very large number of P-units (Maler 2009a) . At the same time, a number of molecular/cellular mechanisms (e.g., spike threshold, ) have changed so as to maintain the same mean discharge rate as CMS and LS cells (Krahe et al. 2008) . These mechanisms result in LS E-cells becoming specialized for P-unit spike synchrony and thus for high frequency AMs and chirps (Benda et al. 2005; Krahe et al. 2008; Marsat et al. 2009; Middleton et al. 2006) .
2) LS E-cells express SK2 channels (somatic) that limit the dendritic currents responsible for bursting (Ellis et al. 2007; . LS E-cells therefore respond with isolated spikes to low-frequency input to their RF centers; this is in contrast to CMS and CLS E-cells that respond with bursts to such input (Marsat et al. 2009; Oswald et al. 2004 Oswald et al. , 2007 . Burst discharge in LS superficial E-cells is therefore "saved" for selectively encoding small chirps (Marsat et al. 2009 ).
3) LS E-cells retain the LTD mechanism (Harvey-Girard et al. 2010) that permits them to cancel low-frequency, spatially diffuse electrosensory signals (Bol et al. 2011 (Bol et al. , 2012 (Bol et al. , 2013 Mejias et al. 2012 ). However, this mechanism no longer requires burst pairing but only presynaptic bursts paired with single postsynaptic spikes (see RESULTS).
4) LS E-cells express SK1 channels (dendritic spines) that limit the action of spinous NMDARs. At short time delays, coactivation of these channels prevents NMDAR-induced LTD (Harvey-Girard et al. 2010) .
5) LS superficial E-cells receive substantial input from molecular layer inhibitory interneurons (vml cells) that regulate spike back-propagation and therefore dendritic depolarization ). We hypothesize that it is the vml cell that limits LTP to overlapping pre-and postsynaptic bursts. Molecular specializations of these cells (AptNR2B subunit, AptCB1R expression) (Harvey-Girard and Dunn 2003; HarveyGirard et al. 2013) suggest that the vml inhibition of superficial E-cells may itself be plastic, although we do not know how such plasticity might be related to BTDP. 6) LS superficial E-cells express genes (fyn, Ras-GRF1) ) associated with LTP. We hypothesize that these are the basis of the LTP we have reported and that it is designed to enhance the response of specifically this E-cell population to weak small chirps.
The ELL is one of a number of "cerebellar-like" structures (Requarth and Sawtell 2011) . Plasticity in two such structures, the mormyrid ELL and the mammalian dorsal cochlear nucleus (DCN), have been studied in great detail. Parallel fiber projections to the principal cells of the mormyrid ELL obey an anti-Hebbian STDP rule (Bell et al. 2008) . The similarities and differences between gymnotiform and mormyrid ELL plasticity have been previously discussed (Bol et al. 2011 ) and are therefore not further considered here.
The DCN contains fusiform cells that are remarkably similar to ELL pyramidal E-cells: they have a basal dendrite in receipt of acoustic afferent input and a spiny apical dendrite in receipt of descending parallel fiber input from an intrinsic population of granule cells (Mugnaini and Maler 1993; Tzounopoulos and Kraus 2009 ). In addition, a local GABAergic interneuron, the cartwheel cell, has connectivity similar to ELL vml cells, that is, it receives parallel fiber input and then inhibits the fusiform cells (Tzounopoulos and Kraus 2009) . The PF input to fusiform cells displays a classic STDP rule (utilizing single spikes and not bursts) while the cartwheel cells display a very different form of plasticity (Tzounopoulos et al. 2004) . At least some of the same molecular mechanisms (NMDAR, CaMKII, cannabinoid receptors) (Tzounopoulos et al. 2007; Zhao et al. 2009; Zhao and Tzounopoulos 2011) appear to underlie plasticity in the PF projections to ELL pyramidal cells and DCN fusiform cells. To our knowledge, the integrated in vivo effect of simultaneously expressed plasticity in both cartwheel and fusiform cells has not been directly investigated. Tzounopolous and coworkers (Tzounopoulos et al. 2004 (Tzounopoulos et al. , 2007 Tzounopoulos and Kraus 2009) have, however, suggested that the role of DCN PF plasticity is to permit fusiform cells to respond to novel auditory input.
We conclude that, although the cerebellar-like circuitries of the DCN and the mormyrid and gymnotiform ELL may appear simple, their function can be "tweaked" by coordinated molecular evolutionary changes so that they can perform very different computations even though their morphology may not change much (e.g., CMS, CLS, LS).
